Impurity-free intermixing using spin-on-glass ͑SOG͒ capping layers was studied in undoped and Zn-doped laser diode structures using photoluminescence and C-V profiling. The doped laser structure was further processed into devices and the intermixed structures were characterized. Considerable Zn migration after annealing with Ga-doped SOG ͑cap layer that prevents intermixing in undoped samples͒ was observed, leading to degradation of device performance. The ''thermal'' intermixing is considerably larger in doped structures than in undoped structures. The device performance is not significantly affected only if the annealing step is made with no cap. Differential intermixing can still be achieved by etching the highly doped layers and afterward capping with an undoped SOG layer that injects vacancies. A laser-waveguide device was demonstrated using undoped SOG layers. Monolithic integration is a key issue of future optoelectronic device technology, with important applications in the area of optical communications. The selective area bandgap control is essential in order to achieve this goal. Although selective area regrowth has proved to be effective, the technique is complicated and costly. The technological simplicity of the intermixing process makes it highly attractive, but its main challenge is related to reproducibility.
Monolithic integration is a key issue of future optoelectronic device technology, with important applications in the area of optical communications. The selective area bandgap control is essential in order to achieve this goal. Although selective area regrowth has proved to be effective, the technique is complicated and costly. The technological simplicity of the intermixing process makes it highly attractive, but its main challenge is related to reproducibility.
Intermixing can be achieved by ion implantation, [1] [2] [3] by diffusion of impurities such as Si or Zn, 4 or by using dielectric capping layers in impurity-free intermixing. Impurity-free intermixing is attractive for laser diode applications because the amount of residual defects created is expected to be lower than for the other methods, and the doping profile of the structure is not significantly altered by the intermixing process.
Despite many years of intensive research and even successful demonstration of device applications, 5, 6 impurity-free intermixing remains a technique that suffers from lack of reproducibility. Its technological simplicity makes it highly attractive for devices but hides complex fundamental processes that depend on many factors, such as annealing conditions, nature of the cap layer (SiO 2 ,Si 3 N 4 ) and its deposition parameters, stress, position of the active region under the surface, and doping. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Due to a large amount of work in the last decade, the impurity-free intermixing using dielectric capping layers in undoped structures is now better understood qualitatively, although a more quantitative description would be highly desirable.
The vast majority of work in this field is done using undoped structures. For undoped material, the process of atomic interdiffusion implied in intermixing is mediated by Ga vacancies, V Ga , which are injected from the surface due to Ga out-diffusion in SiO 2 layers. These vacancies diffuse until they reach the quantum well ͑QW͒ active regions, where they promote the intermixing process. The amount of Ga vacancies generated at the cap semiconductor interface depends on the Ga solubility in the cap layer. Their subsequent indiffusion ͑diffusion into the inner semiconductor layers͒ during the annealing step is also affected by the stress imposed by the dielectric film on the semiconductor at the annealing temperature.
Many times the above conclusions are automatically transferred to normally doped laser structures, which often use Zn as a p-type dopant in metallorganic chemical vapor deposition ͑MOCVD͒-grown devices and Be for molecular beam epitaxy ͑MBE͒ grown devices, respectively. Typical laser diode structures have a highly Zn-or Be-doped p ϩϩ GaAs top contact layer, with the purpose of achieving p-type ohmic contact. The active and waveguide layers are nominally undoped. It has been shown that both Zn and Be are highly mobile species at the typical annealing temperature used for intermixing, in the range 800-900°C. If present in concentrations higher than 10 19 cm
Ϫ3
, dopants can also promote intermixing ͑impurity-induced disordering͒. Many studies were performed on Zn diffusion and associated disordering in multiple quantum well ͑MQW͒ layers, leading to the conclusion that the atomic interdiffusion and Zn indiffusion are both governed by group III interstitials. [17] [18] [19] [20] [21] [22] [23] Group III interstitials and vacancies are positively and negatively charged, respectively, so they annihilate each other. If Ga vacancies are generated at the semiconductor interface with the dielectric cap, they will be annihilated by group III interstitials before reaching the active region to promote the desired intermixing process. Thus, the conclusions obtained from intermixing in undoped structures cannot be automatically transferred to structures containing highly Zn-doped layers.
The purpose of this paper is to describe investigation of the intermixing process in Zn-doped InGaAs/GaAs/AlGaAs laser diode structures grown by MOCVD, in order to evaluate the potential of impurity-free intermixing for optoelectronic device integration. Experimental
In the asymmetric, thin p-clad InGaAs/GaAs/AlGaAs structure used in this study, the p-type Al 0.60 Ga 0.40 As cladding layer was only 0.3 m thick. The schematic of the layer structure and nominal doping is given in Fig. 1 . The double QW ͑DQW͒ active region was located 0.56 m beneath the surface. A thin p-clad structure was chosen because the diffusion length of Ga vacancies in undoped material is small in the GaAs-based system. For reference, the same structure was also grown on n ϩϩ GaAs substrate with all layers nominally undoped. The top p ϩϩ GaAs contact layer was highly doped (Zn Ϸ 10 20 cm Ϫ3 ͒, the Al 0.60 Ga 0.40 As 0.3 m thick cladding layer had a moderate p-doping (Zn Ϸ 5 ϫ 10 17 cm Ϫ3 ͒, and the DQW active region and the surrounding graded layers were nominally undoped. The bottom n-type AlGaAs cladding layer ͑about 3 m thick͒ was doped with Si. The structure was grown on highly doped n ϩϩ substrate. The doped thin p-clad laser diode structure was processed into devices and the lasing properties were correlated with data obtained from photoluminescence ͑PL͒ and electrochemical capacitance-voltage ͑C-V͒ measurements. During rapid thermal annealing ͑RTA͒ in Ar atmosphere the samples were proximity capped with another piece of undoped GaAs in order to prevent excess arsenic evaporation. Commercial Teknis spin-on-glass ͑SOG͒ was used as a cap layer. Undoped SOG and Ga-doped SOG films were deposited by spinning the samples for 30 s at 3000 rpm. After spinning, the films were baked at 400°C for 15 min. The corre-sponding film thicknesses were 250 and 120 nm, respectively. Prior to high temperature annealing, the SOG layers were etched from half of the sample in order to evaluate the relative intermixing. Plasma-enhanced chemical vapor deposition ͑PECVD͒ SiO 2 layers were also deposited using a N 2 O/SiH 4 flow at 300°C, to compare the results from two types of SiO 2 capping layers.
Standard processing techniques were used to define 4 m wide stripe devices. The p-type metalization was unannealed Au, in order to prevent excess losses due to optical scattering from roughening of the Au/p ϩϩ /GaAs interface that would otherwise occur during heattreatment. The quality of the ohmic contact on the highly doped p ϩϩ -GaAs was not affected. 24, 25 PL measurements were made using a green He-Ne laser ͑543.5 nm͒, a silicon charge coupled device detector and a 0.27 m monochromator or using a red laser diode ͑670 nm͒ and an InGaAs photodiode. C-V measurements were performed using a Bio-Rad PN 4300PC electrochemical C-V profiler using front contacts.
For the integration of a passive waveguide with a laser diode, a third laser diode structure was used. This third structure had a 2 m thick, p-type Al 0.45 Ga 0.55 As cladding layer and it was optimized for low divergence. In this case, most of the Al 0.45 Ga 0.55 As cladding layer is etched away in the passive waveguide region, before the intermixing process. Thus, the interface that injects Ga vacancies, promoting atomic interdiffusion, was much closer to the active layer in the waveguide region. Figure 2 presents the doping profiles obtained using electrochemical C/V measurements, for the doped sample, before and after annealing at 900°C for 60 s with different dielectric capping layers. The larger amount of Zn indiffusion from the p ϩϩ contact toward the active region was found in samples annealed with Ga-doped SOG, which prevented intermixing in undoped samples. The diffusion was so pronounced that it almost flattened the Zn profile over a distance of about 0.7 m. The enhanced Zn migration for annealing using caps that prevent intermixing in undoped samples was also observed in other experiments. For example, in Ref. 26 , the annealing was done under controlled As 4 overpressure conditions, in an evacuated ampule containing As at 850°C. The annealing with Si 3 N 4 cap was associated with a significant degree of Zn ͑from the GaAs contact layer͒ indiffusion into the structure.
Results

C-V profiling.-
In our case, the RTA annealing step was performed with the proximity of GaAs wafer cap to minimize As evaporation. Contrary to annealing during growth, which takes place under arsine overpressure, the equilibrium attained under such conditions will favor a higher concentration of Ga interstitials. Because atomic interdiffusion in the QW is mediated by Ga vacancies in undoped material, there will be a minimal amount of intermixing if the surface is not capped by any dielectric during annealing. Thus, the desired relative intermixing is achieved between uncapped regions and regions capped with dielectrics that inject Ga vacancies at the interface with the semiconductor, such as SiO 2 . However, the behavior of Zn migration into the structure appears to be similar to that in Ref. 2 ͑qualitatively͒, where the annealing step was done under As-rich conditions.
In our experiments, the least Zn migration was observed when the sample was annealed without the dielectric cap ͑see Fig. 2͒ . This result is surprising, because the thermodynamic force that tends to reduce Zn in the top layer by out-diffusion is extremely large, 27 because the equilibrium Zn concentration with the ambient is N Zn ϭ 0. However, this result is further confirmed by our laser diode and PL results and by other experiments reported in literature.
For example, the same behavior was observed in Ref. 27 , when annealing as-grown pnpn structures doped with Zn and Te, having a top Zn doped layer at the surface. Annealing was done without a dielectric cap, under As-rich conditions. Annealing without Zn present in the vapor phase led to negligible Zn indiffusion or outdiffusion, while annealing with Zn in the vapor phase led to both Zn indiffusion and out-diffusion. The out-diffusion took place until the thermodynamic equilibrium concentration corresponding to annealing conditions was reached. The in-diffusion was higher for annealing done at lower temperatures, where there was a higher equilibrium concentration of Zn in the vapor phase. It was shown in Ref.
27 that this surprising behavior can be explained if we assume that the Zn interstitial concentration equilibrates with Zn concentration in the vapor phase.
Moderate Zn migration occurred when the annealing was performed with an undoped SOG cap, a dielectric cap that is known to inject Ga vacancies at the interface with the semiconductor ͑and to promote intermixing in undoped samples͒. The associated Zn migration was enhanced when compared with the case of using no cap ͑free surface͒ but reduced compared with the case of a Ga-doped SOG cap. A similar behavior was observed for PECVD SiO 2 dielectric encapsulation ͑not shown in Fig. 2͒ .
Photoluminescence.-Most of the PL measurements were made using a high value of the excitation density P ϭ 200 W/cm 2 ͑exci-tation wavelength of 543 nm͒, in order to allow a reasonable comparison between PL spectra obtained from doped and undoped samples. In doped samples, the electric field due to the p-i-n structure would cause a blue shift of the PL peak with increasing excitation power density due to the screening of the field in the QW layers by photoexcited carriers. For this value of the excitation density, the screening is expected to be almost complete for our sample. The full width at half maximum of the QW luminescence peak at 10 K is 13-14 nm for both the doped and undoped samples, showing good quality of the quantum wells in the as-grown samples and a small amount of broadening due to high density of carriers under high excitation density. Figure 4 presents similar results corresponding to the case of Ga-doped SOG cap. Figure 5 shows PL spectra of the undoped structure, when the AlGaAs is transparent to the excitation wavelength ͑670 nm͒. Figure 6 shows PL spectra for samples where the top GaAs layer was etched away and the intermixing process was carried out with the dielectric cap directly contacting the Al 0.60 Ga 0.30 As cladding layer.
When doping level is low in the active region, the high intensity, sharp peaks are due to radiative recombination of the n ϭ 1 electron-heavy hole excitons confined in the quantum wells. If the Zn migration is considerable, the transitions occur from the n ϭ 1 electron level to the Zn acceptor level in the quantum well.
When Fig. 3a was magnified ͑not shown͒, the undoped, as grown sample showed a low intensity, exciton transition at 1.512 eV ͑820 nm͒ and a transition related to the C acceptor 1.49 eV ͑830 nm͒, on the high energy side. These transitions originated from the undoped 0.2 m GaAs contact layer and buffer layer. These low intensity peaks were present in both as-grown and undoped samples annealed without any dielectric cap, showing that the material quality was not significantly affected by the annealing step. They are more apparent in Fig. 5 ͑merged together, due to much poorer resolution͒, when the AlGaAs layers were almost transparent for the laser light at 670 nm. Their relative intensity to the QW excitonic peak was clearly reduced when the annealing was made without the dielectric cap.
Their relative intensity was higher in the as-grown sample and in samples annealed with dielectric caps. Their presence means that the buffer GaAs and the top GaAs layer competed successfully with the QWs in capturing photoexcited e-h pairs, even after diffusing away through the 3 m thick n-type AlGaAs layers before reaching the GaAs buffer. In agreement with what was observed in deep level transient spectroscopy measurements 12 and deduced from C-V measurements presented above, we assumed that there are less defects created after annealing without a cap than after annealing with SOG caps. Then, it follows that a better collection efficiency of carriers into the QWs after annealing is likely to occur.
For the doped samples: when Fig. 3b was magnified ͑not shown͒, a broad peak at 1.43 eV ͑867 nm͒ became apparent. Similarly to Fig.  3a , it is related the top p ϩϩ GaAs contact layer and n-GaAs buffer layer but its position shifted to longer wavelength due to bandgap shrinkage, so it was considerably broader due to the presence of high doping. However, the QW peak of the as-grown, doped sample was still narrow due to the fact that the QW region was located in the middle of the undoped waveguide layers.
For the doped sample, the QW peaks corresponding to the sample annealed without cap were narrower than the QW peaks corresponding to samples annealed with SOG caps. At about 30 meV on the low energy side, peaks or ͑labeled eA Zn ) were observed, which we attribute to separate Zn levels, associated with the presence of Zn in relatively small concentrations in the active region after annealing. For the sample annealed with a Ga-doped SOG cap ͑Fig. 4b͒ the QW peak was significantly broader, exhibiting a shoulder on the high energy side and red shifted with respect to the QW peak corresponding to the sample annealed without cap. The red shift was probably due to bandgap shrinkage caused by high Zn migration (10 19 cm Ϫ3 when annealed at 900°C͒ while the peak at the high energy side could be due to the enhanced recombination at the Fermi energy level. The same trend was found for samples annealed with undoped SOG, only lower in magnitude ͑see Fig. 3b͒ .
For n-type GaAs, there is ample evidence of a broad peak with the maximum lying between 1.23 and 1.26 eV that was attributed to internal transitions of electrons between the excited and ground states of a Si Ga -V Ga complex. 19 Si Ga is a donor and V Ga gallium vacancy is a deep acceptor. They are bound together by the Coulombic force to form a donor-acceptor pair. The localized deep centers are characterized by a strong coupling of their electronic states to the lattice. The strong electron-phonon interaction gives rise to the broad Gaussian shape. In n-type Al 0.30 Ga 0.70 As layers, the peak of the broad emission associated with the Si Ga -V Ga complex moves to higher energy E ϭ 1.355 eV. 28 For our thin p-clad laser diode structure, when carriers were photoexcited by the 670 nm wavelength ͑see Fig. 5͒ the 3 m n-type Al 0.45 Ga 0.55 As layer and the 0.3 m thick p-type Al 0.30 Ga 0.70 As layers were almost transparent to the excitation wavelength. A broad peak is apparent at about 1.33 eV in Fig. 5 . We attribute this peak to carrier recombination associated with the Si Ga -V Ga complex in n-type Al 0.45 Ga 0.55 As layers. Its intensity relative to the QW peak increased with increasing the annealing temperature, even when the annealing was made with Ga-doped SOG ͑known to suppress the injection of Ga vacancies͒ or without cap. This means that ͑as expected͒ a higher amount of point defects were present in the structure after high temperature annealing and that, more likely they were thermally generated. The intensity of this peak ͑relative to the main QW peak͒ is much smaller if the excitation is done with the 543 nm wavelength, because of the significantly smaller absorption length into the structure at this wavelength. However, it is still present due to carrier diffusion and subsequent defect related recombination, even if the carrier collection is much higher in the QW region ͑see the broad low energy tails in Fig. 3, 4͒ . Figure 6 shows PL spectra taken after intermixing for structures where the top GaAs layer was etched away and the dielectric cap contacted directly the Al 0.60 GA 0.40 As thin p-cladding layer. It was shown in Ref. 29 that when SiO 2 directly contacts Al 0.85 Ga 0. 15 As, the aluminum in the crystal reduces SiO 2 to from free Si ͑that can further diffuse during the high temperature annealing step͒, and O, and presumably Al 2 O 3 . However, in our case the Al content is lower (x ϭ 0.60). The results from experimental studies of native oxides formed by wet oxidation in water vapor show that the oxidation rate at a certain temperature has a strong dependence on the Al content of the layer, being much higher if the Al content is in the range 0.8-1.00. Moreover, if free Si would diffuse to reach the QW in our structure, we expect to find Si concentrations in the range 5 ϫ 10 18 cm Ϫ 3 -2 ϫ 10 19 cm Ϫ 3 . 29 At such high Si doping, the excitonic emission is expected to disappear as a result of screening of the Coulomb interactions in the two dimensional electron gas that would form due to the high concentration of free carriers confined in the wells. As a result, the PL emission would be broadened and its relative intensity with respect to the Si Ga -V Ga defect related band would decrease. This is not the case shown in Fig. 6 . The QW emission peak was not significantly broadened and the defect related band had relatively low intensity. Moreover, it was reported that the reaction associated with the reduction of SiO 2 by Al to produce Si led to a grainy texture in the surface morphology. 30 However, the surface morphology of our sample after the intermixing step was still very good, no such texture was observed. Thus, it seems very likely that blue shift apparent in Fig. 6 was not due to Si impurity diffusion. When the top GaAs layer was removed, the behavior of the doped and undoped structure was similar to the behavior expected for undoped material. That means that there is a 35 nm additional blue shift when samples are annealed with undoped SOG, known to inject vacancies at the interface with the semiconductor. This shift can be used for fabricating devices, as is shown later in this paper.
A lower intensity peak 55 meV below the QW peak was clearly apparent in undoped samples, due to small amount of features in the PL spectra ͑see Fig. 3a͒ and Fig. 4a͒ . Its origin is not understood. A column III antisite transition 21, 22 was expected to occur in highly Zn doped samples due to the relatively large concentrations of I III ͑column III interstitials͒ that can occupy an As site in the lattice. PL emissions associated with a Ga As acceptor lying at 78 meV above the valence band were observed in Ref. 21 . In Ref. 22 , a Zn-diffused MQW sample was probed. The III As peaks were situated at about 50 meV below the QW transition of electrons from the n ϭ 1 subband to the Be or Zn acceptor level. However, the low intensity peak situated at about 55 meV lower energy than the QW peak was also present when the annealing step was made using SiO 2 dielectric caps, that are associated with the presence of excess Ga vacancies. This peak can also be due to recombination in the different AlGaAs layers, or due to In segregation after the high temperature annealing step.
Laser diode testing.-Laser diode devices from the thin p-clad doped structure were processed in standard 4 m wide stripe ͑ridge waveguide͒ devices and characterized. The external differential ef- ficiency and the threshold current were measured for devices with different lengths L. The internal efficiency i and the internal absorption coefficient ␣ characterizing the structure were then extracted.
Factors contributing to ␣ are passive absorption in layers absorbing at the laser wavelength, i.e., the p ϩϩ GaAs contact layer and the n ϩϩ GaAs substrate and free carrier absorption in highly doped layers. Our asymmetric, thin p-clad structure had a very low value of the passive absorption coefficient due to field extension in the p ϩϩ contact layer, despite the fact that the p-confinement AlGaAs layer was only 0.3 m thick. The high doping was kept away from the active region and of the regions with large optical field intensity, in order to minimize free carrier absorption. But Zn migration during annealing significantly redistributed the p-type dopant. The absorption coefficient of the as-grown structure was as low as ␣ Ϸ 2.8 cm Ϫ 1 . Thus, this structure was very sensitive with respect to Zn migration into the thin p-clad and nominally undoped layers, because p-type doping significantly increased ␣. The structure operated at 980 nm. Figure 7a shows plots of the inverse of the differential efficiency as a function of device length, and Fig. 7b presents a plot of the threshold current for 4 m wide stripe devices, after annealing with different caps and without cap. The results are in agreement with PL and C-V measurements. The sample annealed without cap showed no significant degradation of the lasing parameters: the absorption coefficient remained as low as ␣ Ϸ 2.8 cm Ϫ 1 . The threshold current was comparable to threshold current in devices obtained from the as grown structure and the series resistance was not significantly affected either.
The sample annealed with Ga-doped SOG shows a notable increase of the absorption coefficient to ␣ Ϸ 7.8 cm Ϫ 1 , larger threshold current and a small decrease of the internal efficiency from 100 to 90%. In addition, the series resistance of the device was larger than for devices processed from the as-grown wafer. This would severely limit device operation under continuous wave ͑CW͒ conditions due to the heat generation.
These results can be explained by the Zn migration into the nominally undoped layers of the laser structure during the annealing step. The enhanced Zn migration when using a SOG cap is detrimental to device performance, thus the choice of optimum annealing conditions for regions where no blue shift is desired is clearly not to use any cap during intermixing. This significantly limits the use of such capping layers for selective area bandgap control if good device performance is to be maintained and Zn-doped structures are used.
Discussion
The ''kick out'' mechanism responsible for Zn diffusion is well documented in literature. 23 Positively charged Zn interstitials kick out a Ga atom from its site. Zn becomes substitutional and a positively charged Ga interstitial is generated. Both Zn and Ga interstitials are very mobile species and present in few orders of magnitude lower concentrations than substitutional Zn Ϫ , which occupies a group III site in the lattice. However, in many cases, the concentration of Ga interstitials, I Ga 2ϩ , is lower than the concentration of Zn interstitials Zn i ϩ and they diffuse slower than Zn interstitials. 23 If there is no Zn in the vapor phase, as is the case for our laser diode structures during high temperature annealing without dielectric cap, the charged interstitial Zn i ϩ from the highly doped p ϩϩ GaAs layer diffuses very fast to the surface. If local equilibrium is assumed according to: Zn i ϩ Zn s Ϫ ϩ I Ga 2ϩ , a large I Ga 2ϩ undersaturation results. It prevents the changeover Zn s Ϫ → Zn i ϩ to occur with a high efficiency in the wafer interior and thus there is not a sufficient concentration of Zn i ϩ to diffuse Zn into the wafer. 23 However, if the annealing step is done with a dielectric cap sealing the wafer from the ambient, the interstitial Zn i ϩ is not free to out-diffuse at the surface. The only possibility is indiffusion into the wafer. If the annealing is done with a dielectric cap that prevents intermixing in undoped samples ͑effective encapsulation, preventing the loss of As or Zn into the ambient and showing no solubility for Ga͒, the Zn i ϩ interstitial diffuses away long distances into the wafer, until it reaches the n-doped regions. Here, Ga interstitials are annihilated by excess concentration of Ga vacancies. As the Fermi level in the semiconductor is changed by increasing the impurity concentration, the n-doping with Si is expected to increase the concentration of negatively charged Ga vacancies Ga 3Ϫ in comparison with nominally undoped regions. Similarly, highly p-doped regions are expected to favor a higher concentration of positively charged ͑and more mobile͒ I Ga 2ϩ in comparison with nominally undoped regions. 4 Annealing of samples with caps that are known to inject Ga vacancies at the cap/semiconductor interface reduces Zn migration into the structure. This can be explained by annihilation of Ga interstitials and Ga vacancies injected from the cap/semiconductor interface in the top p ϩϩ GaAs layer, but not deeper in the semiconductor because of finite diffusion length of group III vacancies. It also means that the desired relative blue shift that should be generated by the diffusion of these vacancies until they reach the active region would be considerably diminished.
These effects are expected to affect laser diode properties. There are reports of successful device operation after intermixing. For example, in Ref. 5 , the method to prevent intermixing is to use a very Figure 7 . A plot of the inverse of the differential efficiency against device length for laser diodes after annealing with different dielectric caps, and ͑b͒ a plot of the threshold current against device length for devices in Fig. 7a. thin ͑30 nm͒ SiO 2 cap. They also observe a large residual ͑thermal͒ blue shift for annealing at 900°C, as we do for our doped samples. It is possible that the 30 nm SiO 2 cap used to prevent intermixing is thin enough to ensure equilibration of Zn interstitials with the vapor phase and does lead to minimum Zn indiffusion, as in our case for annealing without cap. The approach used in Ref. 6 is to use carbon doping instead of zinc. Carbon dopant is found on the As site and it is much less mobile than Zn, being a better choice for devices designed for intermixing. Nevertheless, the vast majority of p-doping in MOCVD grown wafers is achieved using Zn, which substitutes a group III atom site.
The effects of a high Zn concentration are well described in Ref. 19, 20 . At low Zn concentrations, Zn local energy levels are formed in the forbidden band. With increasing Zn concentrations, the Znrelated energy levels broaden symmetrically above and below their original positions and form an energy band. At high Zn concentrations (Ͼ 1 ϫ 10 18 cm Ϫ 3 ), this energy band merges with the valence band and only one broad peak due to band to band transitions is observed. The Zn shallow energy level is situated at 31 meV above the valence band. Shoulders on the high energy side of the QW peak are higher in intensity for higher doping and they are attributed to an enhancement of the transition at the Fermi energy level due to electron-hole correlation, i.e., Coulomb interaction between the photoexcited electrons and the sea of holes.
In our doped samples, the active region is buried in the nominally undoped waveguide. But after annealing, there is considerable Zn diffusion in the active region, depending on the cap layer ͑as seen in C-V profiles in Fig. 2͒ . The least Zn migration is observed when annealing without cap and the highest when annealing with Ga-doped SOG. The PL results for the doped samples, presented in Fig. 3b and 4b are in agreement with the Zn profiles resulted from the C-V measurements.
In undoped samples, the PL peaks from samples annealed with undoped SOG are blue shifted in comparison to those annealed without cap, as expected. Undoped SOG acts as a source of vacancies due to Ga out-diffusion in this layer. Ga vacancies indiffuse until they reach the active DQW region, where they promote intermixing. Ga-doped SOG is already saturated with Ga, so the amount of Ga vacancies injected at this interface is much lower. Thus, the corresponding blue shift is also lower. The relative blue shift for annealing at 900°C with and without undoped SOG is 13 nm and negligible when using Ga-doped SOG.
For the doped samples, the behavior is different. The relative blue shift between annealing with and without undoped SOG cap is almost negligible, contrary to what happens in undoped samples. All doped samples exhibit similar ͑fairly large͒ ''thermal'' blue shift relative to the as-grown sample. When we determine the energy shift of doped samples, we have to keep in mind that there is also considerable Zn migration, leading to considerable band gap narrowing. The bandgap shrinkage due to p-doping is estimated to be for GaAs 20 ⌬E g ϭ Ϫ2.6 ϫ 10 Ϫ8 p Thus, if we want to achieve optoelectronic integration between a laser diode and a waveguide using the conditions of our experiment, a good option would be to anneal the lasing ͑active͒ part of the device without cap. For the waveguide region, we propose to etch away the highly Zn-doped layer before the intermixing step. On one hand, this would bring the Ga source of vacancies closer to the quantum well to be intermixed on the other hand, the intermixing process will not be significantly affected by Zn migration. In fact, it would take place almost as for an etched, undoped sample. This approach is described below.
Optoelectronic Integration of a Laser Diode and a Waveguide
Waveguiding in the direction parallel with the growth direction ͑transversal͒ is well defined by the sequence of grown layers. In the direction perpendicular to the growth direction ͑lateral direction͒, the waveguiding is defined by etching a ridge, both in the laser diode and in the passive waveguide part, as in Fig. 8a . The etching process stops at about 0.1-0.2 m above the interface between the p-confinement layer and the waveguide layers. The lateral index guiding is not a linear function of etch depth, but is almost negligible until the etching depth reaches 0.3-0.5 m above the confinement/waveguide interface, depending on the actual laser diode transversal structure. Almost the same value of the index guiding ⌬n ef can be achieved by etching the surface until 0.3 m above the p-confinement/waveguide interface and making an extra 0.2 m deep etch step to provide lateral waveguiding in the passive waveguide part after intermixing.
To demonstrate this procedure, we used a structure that had a 2 m thick p-confinement layer and etched down most of it before the intermixing process. Thus, the interface that injected Ga vacancies, promoting atomic interdiffusion, was much closer to the active layer in the waveguide region. This induced the additional blue shift needed to reduce the absorption coefficient of light propagation. The infrared image of the integrated lasing device above threshold is shown in Fig. 8c͒ . The value of the passive losses in the waveguide region of ␣ p Ϸ 5 cm Ϫ1 was extracted after fitting Eq. 2 as a function of the length of the passive part of the device, L p . 31 The fit is shown in Fig. 8b͒ . The absorption coefficient in the active region ␣ a was extracted in separate measurements on laser diodes with no passive part, as in Fig. 7a . The length of the active part of the device was L a ϭ 0.87 mm
where R is the power reflection coefficient of the cleaved facet. The relatively high value of the absorption coefficient of 5 cm
Ϫ1
in the waveguide region is due to the increased residual ͑thermal͒ intermixing observed in doped material, compared with undoped material. In the active part of the integrated device we had a behavior characteristic to a doped sample, in the etched part of the device, the behavior was characteristic of an undoped sample. Thus, the 30 nm blue shift expected for undoped samples from measurements made on the thin p-clad structure, is reduced by about 17 nm in this thick p-clad structure, the total differential intermixing being only 13 nm. This is insufficient to reduce the absorption loss to a value lower than 2.8 cm Ϫ1 , the absorption coefficient in the active part under high injection. If the right amount of differential intermixing were to be achieved, we would expect losses in the waveguide to be even lower than 2.8 cm
, because we etched away the highly doped Zn layers and there should be no carrier injection in this part of the device.
Conclusions
1. Intermixing studies were carried out for undoped and Zndoped laser diode structures grown by MOCVD, using SOG layers. The cap layers that prevent intermixing in undoped samples ͑Ga-doped SOG͒ significantly enhance Zn migration in doped samples. The device performances are detrimentally affected, limiting the use of such layers in doped samples.
2. The reduced Zn migration and unaffected device performance is only observed when annealing is done without cap layer.
3. The thermal intermixing is larger in doped structures than in undoped structures.
4. Enhanced blue shift is observed if the highly doped layers are etched away and the source of vacancies ͑undoped SOG͒ is brought closer to the active region by etching away some of the material in the waveguide section. An integrated device consisting of laser diode and a waveguide was realized based on this observation. 
